OBJECTIVES: Many studies have reported that robotic-assisted surgery is safe and feasible for paediatric cases. However, very few paediatric thoracic robotic cases have been described. The aim of this study was to share our preliminary experience with robot-assisted thoracic surgery (RATS).
INTRODUCTION
Thoracic robotic surgery is gaining acceptance for the adult population and large series have been recently reported concerning lobectomy [1, 2] or mediastinal cyst excision [3] . In the paediatric population, robotic-assisted surgery is still debated but is already part of paediatric surgery [4, 5] and the initial results reported in urology [6, 7] are particularly encouraging. The safety of robotic-assisted surgery in this population is reported to be similar to open procedures, and the outcomes are at least equivalent to standard laparoscopies [8] . Nevertheless, very few cases of robot-assisted thoracic surgery (RATS) have been reported. The aim of this study was to share our initial experience with this procedure.
MATERIALS AND METHODS
Our institutional review boards (IRBs) approved this retrospective, multicentric study. The indication for surgery for each case was recommended after completion of a detailed work-up. Benefits, risks and expectations about RATS were explained in detail to prospective parents.
The hospitals in which the study took place are tertiary care centres with multiple surgical departments that employ the robotic platform. Our paediatric surgical department performed first general robotic surgery, and standard laparoscopic procedures like fundoplication were initially selected. We considered these procedures 'basics skills' that needed to be mastered before moving on to more complex procedures. After the first 30 cases, we felt more confident that we had mastered the basics of the robot. RATS was performed for toddlers weighing at least 30.0 kg. For patients below this weight, video-assisted thoracic surgery or open surgery was performed. After this initial period, the operative weight of patients was gradually lowered for RATS. In the case of unscheduled procedures, such as for neonatal patients, when the robotic technology was not available within a reasonable amount of time, the surgery was preferably performed thoracoscopically.
For this study, we used a da Vinci surgical robot (Intuitive Surgical, Inc., Sunnyvale, CA, USA). This was the original four-arm da Vinci SI, which includes one arm for a three-dimensional (3D) camera. All procedures were performed using three arms: the camera arm (8.5 mm, 3D imaging) and two instrument arms (8 mm). An additional 5-mm non-robotic accessory port was systematically used. Carbon dioxide (CO 2 ) was insufflated in the body through the accessory port at a flow rate of 0.1 l/min and maintained throughout the intervention at a positive pressure of 2 mmHg in order to collapse the lung. For neonatal patient, we used two-lung conventional ventilation. In the case of oesophageal atresia repair, positive pressure ventilation on spontaneous breathing was performed until the oesotracheal fistula was closed. For older patients, one-lung ventilation was achieved by selective endobronchial intubation. No bronchial blockers were used. Intraoperative CO 2 pressure was monitored regularly during neonatal procedures. The set-up time was defined as the time from the skin incision until the beginning of the surgery at the operative console and included trocar positioning and docking of the robotic system. The total operation time included the set-up time as described through the console operative time and ending at the surgical closure. Pain management was performed with epidural analgesia and trocar site infiltration in infants. For neonates and infants, intravenous opioid infusion and ketamine co-administration was preferred, using nurse-controlled analgesia.
We reviewed the first consecutive robotic procedures during a period of 6 years between January 2008 and December 2013. The set-up time, total operation time and duration of hospital stay were analysed and compared with that of the published literature. The overall completion rate and postoperative course were also retrospectively analysed.
RESULTS
Eleven patients were operated on with the robot. These cases included 3 type III oesophageal atresias ( Fig. 1 ), which were managed by primary closure of the oesotracheal fistula and oesophagooesophagostomy. Four mediastinal cysts were excised ( Fig. 2) , two congenital diaphragmatic hernias were directly repaired, and one gastric tube oesophagoplasty and one Heller myotomy for oesophageal achalasia were performed ( Table 1 ). The mean age at surgery was 72 (range 0-204) months, and the mean weight was 24.4 (range 3.0-51.5) kg. Three of these patients were neonates. The average set-up time was 26.3 (range 15-35) min; it was increased for neonatal patients to 33 min (range 30-35 min, P = 0.03). Three procedures were converted to thoracotomy because of internal cluttering. These procedures were two oesophageal atresias and one diaphragmatic hernia with delayed diagnosis. There were no perioperative complications or mechanical malfunctions with the robots. Peri-or postoperative severe hypercapnia or acidosis was not observed. Average total operation time was 190 (range 120-310) min for the eight completed procedures. The average length of hospital stay was 13.5 (range 3-35) days and 6.2 (range 3-20) days when neonatal patients were excluded.
Two postoperative complications were noted. A fistula (complication of Clavien II type [9] ) after oesophagoplasty was treated conservatively and one dysphagia (complication type Clavien I [9] ) after bronchogenic cyst excision disappeared 1 month after the operation. No recurrences were observed and no reoperations were necessary after a mean follow-up of 26.9 (range 8-55) months.
DISCUSSION
We report the first series of thoracic paediatric robotic surgeries. These data suggest that some robotic procedures are surgically feasible, with limitations in lower weight patients. In the adult population, RATS offers advantages to open surgery that are similar to that of thoracoscopy in terms of hospital stay, postoperative pain, complications and cosmetic results [3, 10] . Table 2 compares the current results for paediatric RATS with thoracotomy and standard thoracoscopy [11] [12] [13] [14] [15] [16] . In our study, we identified similar trends, but only for mediastinal cyst excision in children above 20 kg in weight. These procedures offered a similar reduction in hospital stay as thoracoscopy, but with a lower conversion rate. The total operative time was longer in comparison with thoracoscopy, but it included preparatory time.
RATS has been previously described as a part of a paediatric series [18] or as isolated case reports [19] . Our study, as well as those of others, confirms the technical advantages of thoracic robotic 
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Q. Ballouhey et al. / Interactive CardioVascular and Thoracic Surgerysurgery for precise dissection and sutures in confined spaces. Miscellaneous indications can be found such as repair of Bochdalek congenital diaphragmatic hernia [20] , oesophageal cyst excision [21] or lobectomy [18] . Meehan and Sandler [22] reported a case series of mediastinal lesions, and emphasized the greater benefits of articulated robotic instruments for the dissection of solid masses.
Our results show that, in larger children, RATS is safe and feasible. In addition to its general advantages, such as magnification, 3D visualization, reduction in the range of movements, fine motor filtering or ergonomic seated position, its major advancement is the use of articulating instruments. These articulating instruments prove superior to rigid thoracoscopy instruments in the narrow confines of the thoracic cavity, which in itself is quite rigid. The 7 degrees of freedom of the articulating instruments permit dissection around the surgical target at adequate angles. They also make suturing possible in locations that are difficult to reach. Moreover, internal articulation of the instruments reduces the forces exerted on the intercostal spaces as can occur with the trocars in standard thoracoscopy. Since it is not always possible to adhere to the recommended port placement separation of 8 cm, a slightly lower separation of 5-6 cm is acceptable with the later generations of the da Vinci Surgical System.
After the initial period of the robotic programme, we performed RATS in smaller children. We felt compelled to convert two oesophageal atresias and one congenital diaphragmatic hernia to open surgeries. The site for trocars in a robotic procedure does not correspond to ideal thoracoscopy positioning because of robot cluttering. For this reason, in cases of surgical conversion, thoracotomy was the preferred procedure. In cases of oesophageal atresias, the main limitation in using RATS was most likely the reduced working space given the demanding technical challenges of the procedure. It was difficult to insert 8 mm trocars into the intercostal space. This lack of operative space was particularly obvious in neonatal surgery. Using our ventilation protocol, respiratory movements of the lung did not considerably reduce visualization. No hypercapnia or acidosis was observed as previously reported with thoracoscopy [23] . The widest point of the hemithorax in neonatal patients is often only 5 cm, while the requisite internal length of the instruments is at least 5 cm [22] . It has been suggested that placement of the trocar outside of the patient can provide an extra 1.5-2.0 cm of manoeuvrability [18] . Yeung and colleagues previously suggested that no task could be performed in a 40-mm edge cube using 8 mm instruments due to the severe external collisions of the arms of the robot [24] . It seems that we reached this limit for feasibility with small, non-dilatable domains, such as with thorax surgery in small children.
During the same period, we performed a total of 178 paediatric robotic procedures, with 5 conversions to open surgery, 3 of which involved RATS. The estimated extra cost for robotic surgery was approximately €500 per hour. Although limited by the small number and large diversity of patients, this first assessment does not provide enough evidence that neonates are good candidates for RATS. Based on our results, the only suitable indication seems to be mediastinal cyst excision in patients with a weight greater than 20 kg. Further studies are needed to confirm these data as it is now well established that the best time for mediastinal cyst excision is after 6 months of age [17] .
CONCLUSIONS
This first assessment of paediatric RATS suggests that the most suitable procedures were mediastinal cyst excisions for children weighing more than 20 kg. Despite excellent visualization and manoeuvrability, RATS for neonates and infants remains very challenging. The lack of dedicated instruments requires several adjustments with special care needed for patient installation and port placement. Currently, there is a lack of evidence that lower weight children, and particularly neonates, are good candidates for RATS. Miniaturization of the whole device should reduce external cluttering and make RATS even more applicable to younger populations.
